Cytoplasmic aggregation of TDP-43 characterizes degenerating neurons in most cases 20 of amyotrophic lateral sclerosis (ALS), yet the mechanisms and cellular outcomes of 21 TDP-43 pathology remain largely elusive. Here, we develop an optogenetic TDP-43 22 variant (opTDP-43), whose multimerization status can be modulated in vivo through 23 external light illumination. Using the translucent zebrafish neuromuscular system, we 24 demonstrate that short-term light stimulation reversibly induces cytoplasmic opTDP-43 25 mislocalization, but not aggregation, in the spinal motor neuron, leading to an axon 26 outgrowth defect associated with myofiber denervation. In contrast, opTDP-43 forms 27 pathological aggregates in the cytoplasm after longer-term illumination and seeds 28 non-optogenetic TDP-43 aggregation. Furthermore, we find that an ALS-linked 29 mutation in the intrinsically disordered region (IDR) exacerbates the light-dependent 30 opTDP-43 toxicity on locomotor behavior. Together, our results propose that 31 IDR-mediated TDP-43 oligomerization triggers both acute and long-term pathologies of 32 motor neurons, which may be relevant to the pathogenesis and progression of ALS. 33
Introduction 34
Amyotrophic lateral sclerosis (ALS) is a neurological disorder in which the upper and 35 lower motor neurons progressively degenerate, leading to muscular atrophy and 36 eventually fatal paralysis. Trans-activation response element (TAR) DNA-binding 37 protein 43 (TDP-43), a heterogeneous nuclear ribonucleoprotein, is mislocalized to the 38 cytoplasm and forms pathological aggregates in the degenerating motor neurons in ALS 39 1, 2 . TDP-43 aggregation characterizes almost all cases of sporadic ALS 3, 4 , which 40 accounts for greater than 90% of ALS. Moreover, mutations in the TARDBP gene 41 encoding TDP-43 are linked to certain fraction (~ 4 %) of familial ALS 5 . Despite its 42 correlation with and causation of ALS, the role of TDP-43 in ALS pathogenesis has 43 been largely unknown at the mechanistic level. 44
Multimerization of TDP-43 underlies its physiological and pathological roles. 45
Under normal physiological conditions, homo-oligomerization of TDP-43 occurs 46 through its N-terminal domain and is necessary for its RNA regulatory functions, such 47 as splicing [6] [7] [8] . At the C-terminus TDP-43 contains an intrinsically disordered region 48 (IDR) with prion-like glutamine/asparagine-rich (Q/N) and glycine-rich regions, which 49
can undergo liquid-liquid phase separation (LLPS) to form dynamic protein droplets 9 . 50
The TDP-43 IDR mutations that are linked to familial ALS cases enhance intrinsic 51 aggregation propensity and protein stability of TDP-43 10 11 and result in altered phase 52 separation 9 , which could contribute to disease propagation through acceleration of the 53 formation and accumulation of pathological aggregates 12, 13 14 . The modular architecture 54 of TDP-43 has led to several hypotheses that its N-terminus-dependent oligomerization 55 modulates C-terminal IDR-mediated aggregation either by enhancing 9 or hindering 56 IDR interactions between adjacent TDP-43 molecules 6 15 . 57
The severity of TDP-43 toxicity is correlated with the levels of wild-type and 58 mutant TDP-43 expression in the various cellular and animal models [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . However, 59 cytoplasmic TDP-43 aggregation is not always detectable in these models. Moreover, in 60 a certain type of degenerating upper motor neurons, loss of nuclear TDP-43 can occur 61 without the accumulation of cytoplasmic aggregates 26 . Therefore, it has been difficult to 62 evaluate how TDP-43 aggregation contributes to TDP-43 toxicity. Under these 63 circumstances, it is necessary to develop a system to induce TDP-43 aggregation 64 conditionally. Recently, light-dependent aggregation of Arabidopsis cryptochrome-2 65 was applied to the formation of IDR droplets via LLPS in a light 66 illumination-dependent manner 27 . This optogenetic approach has been successfully 67 extended to the induction of cytotoxic TDP-43 aggregates formation in cultured cells 28, 68 29 . However, interconversion of normal and toxic TDP-43 forms with spatiotemporal 69 precision has not been achieved in animal models yet, which is central for the 70 understanding of TDP-43 toxicity in vivo. 71
In the present study, we develop an optogenetic TDP-43 variant (opTDP-43) 72 carrying a light-dependent oligomerization module of cryptochrome-2 attached to the 73 IDR, and analyze the mechanisms of TDP-43 toxicity in spinal motor neurons in vivo. 74
Transgenic expression and light stimulation of opTDP-43 in transparent zebrafish larvae 75
show that oligomerization and aggregation of opTDP-43 is inducible and tunable by 76 external light illumination in vivo. We reveal that, in the spinal motor neurons, 77 short-term light illumination reversibly increases the cytoplasmic opTDP-43 pool and 78 elevates myofiber denervation frequency in the absence of distinct aggregate formation. 79 Furthermore, longer chronic light stimulation eventually leads to accumulation of 80 cytoplasmic opTDP-43 aggregates that further seed aggregation of non-optogenetic 81 TDP-43, which is accompanied by motor decline. The sequential pathological 82 alterations of spinal motor neurons triggered by opTDP-43 oligomerization may provide 83 clues about how motor neuron degeneration progresses at both molecular and cellular 84 levels in a prodromal phase of ALS. 85
Results 86
Overexpression of TDP-43 causes cytoplasmic aggregation-independent toxicity in 87 the spinal motor neurons 88
To explore mechanisms of TDP-43 toxicity associated with its cytoplasmic aggregation 89 in spinal motor neurons, we first aimed to induce TDP-43 aggregation by its 90 overexpression in the caudal primary motor neurons (CaPs) of zebrafish, which 91 innervate a ventral third of the myotome and are present uniquely in every spinal 92 hemisegment (Figure1A, B) 30 . We generated a Gal4-inducible transgene of the 93 zerbafish tardbp, encoding one of the two zebrafish TDP-43 paralogues, tagged with 94 mRFP1 at its N-terminus (mRFP1-TDP-43z) ( Figure 1C ). To test the functionality of 95 mRFP1-TDP-43z as TDP-43, we generated knock-out (KO) alleles for both tardbp and 96 its paralogue tardbpl with the CRISPR-Cas9 system (i.e. tardbp-n115 and tardbpl-n94, 97 respectively). The TDP-43 double knock-out (DKO) embryos exhibited a blood 98 circulation defect at 24-48 hours post-fertilization (hpf) (Sup. Figure 1D ) and were 99 lethal 31 . We injected mRNA encoding wild-type Tardbp and mRFP1-TDP-43z into the 100 TDP-43 DKO embryos at the one-cell stage (Sup. Figure 1A , B, C) and found that the 101 mutant phenotype was rescued by both, indicating that mRFP1-TDP-43 is functional 102 (Sup. Figure 1E ). We then overexpressed mRFP1-TDP-43z in CaPs by combining 103 Tg[UAS:mRFP1-TDP-43z] with the Tg[SAIG213A] driver ( Figure 1A , B) 32 , and 104 analyzed their muscle innervation. The mRFP-TDP-43z overexpression significantly 105 reduced the total axonal length at 48 hpf ( Figure 1C , D, E, Sup Movie 1), while the 106 axon arborized within the inherent innervation territory of the ventral myotomes ( Figure  107 1C, D) and their branching frequency (i.e. branching as calculated per total axon length) 108
were comparable to that of the wild-type CaP ( Figure 1F ), showing that overexpression 109 of mRFP-TDP-43z primarily affects axon outgrowth, but not pathfinding or branching. 110
However, the overexpressed mRFP-TDP-43z was predominantly accumulated in the 111 nucleus and cytoplasmic aggregation was undetectable in the CaP at 48 hpf ( Figure 1G ). 112
These observations suggest that an elevated level of TDP-43 causes neurotoxicity 113 independently of cytoplasmic aggregation in the spinal motor neurons. 114 A photo-switchable TDP-43: opTDP-43 116
Next, we developed an alternative strategy to induce cytoplasmic TDP-43 aggregation. 117
The IDR at the C-terminal of TDP-43 has a high propensity to form aggregates 10 . 118
Therefore, we reasoned that cytoplasmic TDP-43 aggregation might effectively occur 119 when the proximity between IDRs was increased by addition of an exogenous 120 multimerization tag, such as Arabidopsis cryptochrome CRY2. We first tested the 121 feasibility of CRY2 oligomerization in spinal motor neurons in vivo via external light 122 illumination. We created a transgenic zebrafish line carrying a fusion of mRFP1 and 123
CRY2olig, a point mutant version of CRY2 (E490G) that exhibits significant clustering 124 upon blue light illumination 33 , under the UAS sequence ( Figure 2A ; To adopt the clustering capacity of mRFP1-CRY2olig to TDP-43, we inserted 135 the zebrafish tardbp between the mRFP1 and CRY2olig modules, and designated the 136 resulting mRFP1-tardbp-CRY2olig fusion gene as opTDP-43z (i.e. optogenetic TDP-43 137 of zebrafish) ( Figure 2A ). The resulting opTDP-43z rescued the blood circulation defect 138 of TDP-43DKO embryos under dark conditions as efficiently as wild-type tardbp (Sup 139 Figure 1E ), confirming that opTDP-43z is functional. We first assessed the 140 oligomerization capacity of optoTDP-43z in the skeletal muscle cells by taking 141 advantage of their relatively large nucleus and cytoplasm. Since the strong whole body 142 expression of mRFP-TDP-43z driven by the ubiquitous Gal4 driver Tg[SAGFF73A] 143 perturbed development (Sup. Figure 2 ), we generated a UAS transgenic line that 144 expressed a tolerable level of opTDP-43z with the Tg[SAGFF73A] driver (Figure 2A ; 145 Tg[UAS:opTDP-43z]). Unlike mRFP1-CRY2olig, opTDP-43z predominantly localized 146 to the nucleus of the skeletal muscle cells under dark conditions ( Figure 2C ), suggesting 147 that opTDP-43z localization is regulated by TDP-43-dependent mechanisms. We found 148 that, while the nuclear-enriched opTDP-43z localization persisted during the 3.5 hours 149 of blue light illumination (28-31.5 hpf), the cytoplasmic opTDP-43z gradually increased 150 ( Figure 2C , Sup Movie 3) and opTDP-43z droplets appeared 60-90 min after the 151 initiation of illumination ( Figure 2C, D) . On the other hand, the nuclear opTDP-43z 152 signal decreased slightly but significantly over time during the illumination ( Figure 2E ). 153
We also found that the cytoplasmic opTDP-43z droplets were partially ubiquitinated as 154 shown by immunofluorescence ( Figure 2F ), suggesting that the opTDP-43z level is 155 regulated by proteolysis 34, 35 . Altogether, these observations demonstrate that 156 opTDP-43z is a photo-switchable variant of TDP-43 that forms aggregates in a blue 157 light illumination-dependent manner. being illuminated for 3 hours during 28-31 hpf ( Figure 4A ). Under this paradigm, 186 opTDP-43z was primarily localized within the nucleus at 28 hpf, then dispersed 187 throughout the nucleus and cytoplasm upon illumination, and restored its 188 nuclear-enriched localization at 48-50 hpf ( Figure 4A 
Light-stimulated opTDP-43z elevates myofiber denervation frequency 215
The opTDP-43z-mediated axon outgrowth defects raised the question as to whether 216 opTDP-43z perturbs axon extension or promotes axon shrinkage, or both. To address 217 this, we analyzed a major axon collateral of CaP innervating the dorsal side of its 218 innervation territory that had experienced tertial branching at 56 hpf (provisionally 219 named dorsal axon collateral of CaP with tertial branching: DCCT) ( Figure 5A ). Live 220 imaging revealed that the total DCCT length increased by 26 % from 56 to 72 hpf, 221 Tg[UAS:GFP] larvae. Intriguingly, we noticed that a minor but significant population 223 of single CaPs (24 %) increased their total DCCT length with a decrease in the number 224 of collateral branches ( Figure 5D ), indicating that normal DCCT outgrowth involves 225 both extension and shrinkage, as the extension occurs more frequently. The expression 226 of opTDP-43z itself did not affect the average DCCT outgrowth rate and branch 227 number under dark conditions at 56 hpf ( Figure 5D , E). On the other hand, the average 228 DCCT growth rate significantly declined by 11 % with at 72 hpf, when CaPs expressing 229 opTDP-43z had been illuminated for 3 hours (from 56 to 59 hpf) ( Figure 5D ). 230
Remarkably, 28 % (5 out of 18 DCCTs) of the illuminated CaPs exhibited total DCCT 231 lengths ( Figure 5C ), and 44 % showed reduced DCCT branch number ( Figure 5E ), 232 demonstrating that axon shrinkage contributes to the observed axon outgrowth defects. 233
We then investigated whether the DCCT shrinkage involves myofiber 234 denervation by live monitoring of pre-and postsynaptic structures with Vamp2-Venus 235 and tdTomato-tagged acetylcoline receptor (dT-chrnd), respectively ( Figure 5F ) 36 . We 236 found that, in both wild-type and opTDP-43z expression conditions prior to light 237 stimulation, the DCCT axon terminals were decorated by Vamp2-Venus and the 238
Vamp2-Venus signals were well colocalized with dT-chrnd ( Figure 5F , G), indicating 239 normal neuromuscular assembly ( Figure 5F ). Live imaging revealed that, in the 240 opTDP-43z-expressing CaPs after the 3 hours of illumination (during 56-59 hpf), 241
Vamp2-Venus and juxtaposed dT-chrnd speckles at the axon terminal disappeared 242 ( Figure 5I ), demonstrating that a decrement in DCCT terminal number is accompanied 243 by myofiber denervation ( Figure 5E ). Such disappearance of juxtaposed Vamp2-Venus 244 and dT-chrnd was also observed in wild-type DCCTs ( Figure 5E , H). Overall, these 245 observations show that the DCCT shrinkage is associated with myofiber denervation, 246
and that optogenetic TDP-43 oligomerization raises the denervation frequency. 247 248
Cytoplasmic aggregation of opTDP-43h that seeds non-optogenetic TDP-43 249 aggregation in the spinal motor neurons 250
Targeted optogenetic stimulation via confocal laser scanning required the fish to be 251 agarose-embedded, which restricted the illumination duration to a maximum of ~4 252 hours fully maintain fish viability. We aimed to test if a longer illumination period 253 potentially induces cytoplasmic aggregation of the optogenetic TDP-43 in the spinal 254 motor neurons. We constructed transgenic fish in which most of the spinal motor 255 neurons expressed a CRY2olig-tagged human TDP-43 (opTDP-43h, for optogenetic 256 TDP-43 of human) from an mnr2b-BAC transgene (Tg[mnr2b-hs:opTDP-43h]) ( Figure  257 6A)(Sup. Figure 1E ) 31 Prior to the illumination, both opTDP-43h and EGFP-TDP-43z were primarily localized 262 in the nucleus at 2 days post-fertilization (dpf) ( Figure 6B ). We found that opTDP-43h 263 was dispersed throughout the cell and formed aggregates in the cytoplasm at 3 dpf, and 264 that aggregation was further enhanced over the subsequent 48 hours of illumination (i.e. 265
3-5 dpf). Despite distinct cytoplasmic opTDP-43h mislocalization and aggregation, 266
EGFP-TDP-43z was predominantly localized to the nucleus during 2-4 dpf, suggesting 267 TDP-43 localization, the toxicity accompanied by opTDP-43 mislocalization may not 335 be caused by a global shutdown of nucleocytoplasmic transport or proteolysis systems 336 for TDP-43, but rather by dysregulation of RNAs and/or proteins being bound by 337 opTDP-43. TDP-43 can associate with more than 6,000 RNA targets 41-44 , and 338
RNA-binding is antagonistic to toxic TDP-43 oligomerization in an optogenetic cellular 339 model 28 , implying that light-dependent opTDP-43 oligomerization would profoundly 340 affect its RNA-binding capacity, thereby influencing the expression of a myriad of 341 genes. In terms of the axon outgrowth defect, whether toxicity is ascribable to 342 dysregulation of specific key proteins 39, 45 or to a widespread translational abnormality 343 46 , which could lead to stress-inducing misfolded protein accumulation, remains to be 344 investigated. Nevertheless, the normal motor axon pathfinding and unaffected branching 345 frequency suggest a certain specificity of opTDP-43 toxicity and would favor the idea 346 that the cellular growth pathway is primarily affected by the toxicity. It should also be 347 noted that our current illumination paradigm encompasses not only the somas but also 348 the motor axons. Therefore, "resident" cytoplasmic opTDP-43, such as that included in 349 mRNP granules undergoing axonal transport 47 The verification that CRY2olig-mediated opTDP-43 oligomerization is toxic 376 to the spinal motor neurons instead made it difficult to evaluate the toxicity derived 377 from opTDP-43 aggregates alone, as the oligomeric and aggregate forms of opTDP-43 378 coexists during illumination. In this regard, it is noteworthy that the opTDP-43h A315T 379 that was expressed less and formed fewer cytoplasmic aggregates was more toxic than 380 the opTDP-43h expressed in larger amounts ( Figure 6 ), which provides an in vivo 381 example in which the amount of accumulated TDP-43 aggregates does not necessarily 382 predict the degree of TDP-43 toxicity 16, 17 . It was recently proposed that TDP-43 adopts 383 both reversible and irreversible β-sheet aggregates that are involved in the formation of 384 membraneless organelles, such as stress granules (SGs) and pathogenic amyloids, It has been estimated that, even during healthy aging, the spinal motor 401 neurons are substantially lost 52-54 . As a result, the surviving motor units are enlarged to 402 preserve maximal force generating capacity by compensatory collateral reinnervation 55 . 403 ALS has also been characterized by an elevated number of muscle fibers innervated by 404 a single subterminal axon 56 , which is likely a remnant of such compensatory collateral 405 reinnervation events. In the present study, we found by live imaging of axon collateral 406 that an innervation territory of healthy spinal motor neurons is determined by a balance 407 between assembly and disassembly of neuromuscular synapses in zebrafish. We further 408 discovered that optogenetic opTDP-43 oligomerization could tip the balance toward 409 disassembly and decrease the total collateral length. Therefore, our results predict that, 410 once a cellular concentration of IDR-mediated TDP-43 oligomers reaches a critical 411 level, a spinal motor neuron would begin to reduce its motor unit size through repetition 412 of incomplete denervation/reinnervation cycles. Such neurons would also be defective 
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